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High hardness steels (HHS) are vulnerable to hydrogen embrittlement, which can lead to
rapid degradation of mechanical properties. Improved resistance to hydrogen embrittlement
would be beneficial to many industries including construction, automotive, and military. A
comparison study was performed to assess the hydrogen susceptibility of select commercially
available and in-house designed HHS alloys. Slow strain rate tensile tests, performed with
specimens charged with various levels of hydrogen, provided a macroscopic view of the onset of
hydrogen embrittlement. Hydrogen permeation and thermal desorption spectroscopy tests
determined the uptake and diffusivity of hydrogen through the material. The evaluation
of hydrogen susceptibility for various HHS alloys provided a baseline for the design of an HHS
alloy containing hydrogen embrittlement mitigation strategies. By incorporating strong hydrogen
traps, titanium carbide and epsilon carbide, a HHS was produced that demonstrated a lower
sensitivity to hydrogen embrittlement.
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CHAPTER I
INTRODUCTION
1.1

Development of High Hardness Armor
Rolled homogenous armor (RHA) was developed during World War II as a low alloy,

low carbon steel. Coupled with welding, RHA allowed the construction and fabrication of
military vehicles without the necessity of large castings. Rolled plate was able to be bent and
welded to form structures therefore providing a basic fabrication resource.
However, during the Vietnam conflict, convoys experienced ambushes in the jungle
terrain and required higher level of ballistic protection. High hardness armor (HHA) was
developed as a modular armor to protect the convoys from 30 caliber rifles. Over 454,000 kg of
HHA was produced and shipped to the Vietnam conflict as armor kits [1].
As research progressed on armor steels, a correlation between ballistic performance and
material properties was desired due to the expense of direct ballistic testing of armor. However,
no single material property provided a linear relationship with ballistic performance. Instead,
several material properties serve as indicators of possible worthy selection for armor application.
For example, an increase in hardness was shown to improve ballistic performance, to an extent,
before spallation of the armor occurred [2]. Bekci et al. demonstrated that an increase in Charpy
V-notch impact values corresponded to an increase in ballistic performance [3]. Because of this,
the current Army standards require several laboratory tests before certifying an armor.

1

1.2

Current Armor Standards
RHA and HHA are both defined by military standards, MIL-DTL-12560K and MIL-

DTL-46100E, respectively, in terms of chemistry, minimum material properties, and ballistic
performance. Table 1.1 summarizes the ranges and minimum material properties and chemical
composition requirements for both RHA and HHA [4], [5].
Table 1.1

Summary of military standards for RHA and HHA for class 1 armors

Standard
Thickness
Hardness
Maximum Allowable C wt%
Max CE
Minimum energy absorption of
Charpy V-notch impact at -40°C
T-L Orientation
Minimum energy absorption of
Charpy V-notch impact at -40°C
L-T Orientation
Bend Test (Radii)

MIL-DTL-12560K
0.098 in. – 6 in.
360 – 470 HBW
0.27
0.70 – 0.90 wt%

MIL-DTL-46100E
0.118 in. – 2 in.
477 – 534 HBW
0.32
0.80 wt%

16 ft lb

12 ft lb

16 ft lb

14 ft lb

4T

6T

The scope of the requirements serve different functions in terms of the desired
performance of the armor. Hardness ranges and minimum Charpy V-notch energy absorption
have shown to directly correlate with ballistic performance. Bend test requirements maintain the
armor can be fabricated and maximum carbon equivalent values ensure the armor is able to be
welded.
The carbon equivalent value equates the constituent elements of the alloy to an equivalent
amount of carbon. As the carbon equivalent value increases, the material becomes more difficult
to weld. Elements are weighted in the empirical formula of carbon equivalent value on the
likelihood of developing hardened microstructures during the thermal cycle of the welding
2

process. Both military standards use the carbon equivalent formula as outlined by ASTM A6 and
shown in Equation 1.1.

𝐶𝑒𝑞 = 𝐶 +

𝑀𝑛 (𝐶𝑟 + 𝑀𝑜 + 𝑉) (𝑁𝑖 + 𝐶𝑢)
+
+
6
5
15

(1.1)

However, the ASTM standard does not incorporate the effect of minor alloying elements
which were pertinent to the work of this study. Talas et al. compared 17 different carbon
equivalent equations and determined the following equation, shown as Equation 1.2, to be the
best fit [6]. For the remainder of this work, the carbon equivalent value determined by Talas et
al. will be used.

𝐶𝑒𝑞𝐼𝐼 = 𝐶 +

1.3

𝑀𝑛 + 𝐶𝑟 + 𝑉 + 𝑆𝑖 𝑀𝑜 𝑁𝑏 𝑇𝑖 𝐶𝑢 𝑁𝑖
+
+
+ +
+
+ 5𝐵
6
4
9
3 20 25

(1.2)

Motivation
This research was initially motivated by a study performed on a commercial HHA

material stored at Army Research Laboratory (ARL) at Aberdeen Proving Ground, MD that
experienced cracking while not in service. Figure 1.1 shows the cracked plate that measures
approximately 10 ft × 6 ft. In 1992, cracking of HHA was observed on light armored vehicles
(LAV)s fabricated with HHA [7]. The study concluded that cracks emanating from improper
edge treatments was propagated by stress-corrosion cracking or hydrogen embrittlement. The
study also noted the sensitivity of HHA alloys to hydrogen embrittlement and recommended that
the carbon contents be limited to 0.29 ± 0.1 wt% to avoid embrittlement issues. A new military
standard was developed, Canadian Material Specification 18 (CMS-18), which was a more
3

restrictive subsection of MIL-DTL-46100E to avoid HHA cracking. However, due to the
allowable variability in chemistry and material properties, HHA alloys still have a discrepancy in
terms of weldability and susceptibility to cracking. The main focus of this study was to evaluate
the sensitivity of HHA alloys to hydrogen embrittlement.

Figure 1.1

1.4

Cracked HHA material in storage at ARL

Hydrogen Embrittlement
Hydrogen embrittlement has invariably been a concern for high hardness steels. The

phenomenon leads to degradation of material performance and premature failure of components.
Such embrittlement occurs when sufficient monatomic hydrogen diffuses into the steel, migrates
4

towards stress concentration sites, and alters the failure mechanism locally [8]. Multiple theories
exist to describe the mechanisms of how hydrogen embrittles the steel matrix including hydrogen
enhanced decohesion mechanism (HEDE), hydrogen enhanced localized plasticity (HELP), and
adsorption induced dislocation emission (AIDE)[9]–[12].
The HEDE mechanism suggests hydrogen reduces the cohesive strength between iron
atoms locally at a crack tip. The ingression of hydrogen at the crack tip reduces the interatomic
strength and therefore reduces the fracture toughness. Crack propagation occurs via a cleavage
like fracture [13].
The HELP mechanism states that hydrogen present at the crack tip allows for increased
dislocation mobility. Hydrogen reduces the yield strength of the material locally and plastic
deformation can occur. HELP explains the local plasticity regions in fracture surfaces of
hydrogen embrittlement. The activation energy for dislocation motion is reduced, and
deformation is permitted to propagate [14], [15].
AIDE mechanism combines the effects of HEDE and HELP. Absorption of hydrogen via
the HEDE mechanism attributes to the crack tip opening. Crack tip propagation occurs due to the
increase of local plasticity from the HELP mechanism creating microvoids [16].
Although the particulars of the mechanisms are different, each theory requires three
conditions for hydrogen embrittlement to occur: sufficient hydrogen, tensile stress, and a
susceptible microstructure [17]. The susceptibility of a material to hydrogen embrittlement is
directly correlated to the strength of the material. In general, steels with a yield strength over
1000 MPa are susceptible to hydrogen embrittlement [18]. However, with all HHA materials
being classified as being susceptible, the discrepancy between HHA materials cracking is not
well understood.
5

The purpose of this study is to investigate the discrepancy of HHA alloys in terms of
hydrogen embrittlement. It is clear the variability permitted by the military standard allows the
production of material that behave differently in terms of hydrogen. By characterizing
commercial HHA alloys in terms of chemistry, material properties, and sensitivity to hydrogen
embrittlement, a more restrictive standard could be developed to provide a more consistent
material.

6

CHAPTER II
METHODOLOGY
2.1

Introduction
The following chapter incorporates all the methodology used for the completion of this

study. Methods include tests for evaluating the chemical composition, microstructure, hardness,
Charpy V-notch energy absorption values, and determining the hydrogen contents for steel
alloys. These methods provide metrics for comparison of commercial HHA and designed HHA.
2.2

Chemical Composition
The chemical compositions of the alloys of interest were determined using a

Spectromaxx optical emission spectrometer. Samples were sectioned from the parent alloy,
surface ground with a 600 grit SiC paper, and cleaned with ethanol to remove any remaining
debris from grinding. Five readings were taken and averaged. For a higher precision of
determining carbon and sulfur contents, a LECO CS744 Cornerstone gas chromatography system
was used. Carbon and sulfur measurements were performed in triplicate for each alloy using 1 g
samples comprised of ethanol sonicated and dried chips for each alloy.
2.3
2.3.1

Microstructure characterization
Hardness
Brinell hardness measurements were made using an AK-37 King Brinell Hardness Tester

according to ASTM E10[19]. A 3000 kgf load was applied for 10 seconds using a 10 mm
7

diameter steel ball indenter. Although the MIL-DTL-46100E standard requires testing using a
tungsten ball indenter, a certified Brinell hardness specimen was indented with a steel ball. A
value of 403 HB was determined using the following method with a steel ball indenter on a
specimen with a certified value of 404 HBW. Because the measured value was only 1 HB off the
actual certified value, a steel ball indenter was considered adequate for measuring the Brinell
hardness values for this study. A 5 MP Dino-lite Edge AM7515 series digital microscope was
used to measure the diameter of the indentations made by the Brinell Tester. The Dino-Lite was
calibrated with a 0.1 mm calibration target prior to measuring the indentations.
The Brinell hardness was calculated from optical measurements of the indentations using
Equation 2.1, where HBW is the calculated hardness, Fkgf is the force applied in kgf, D is the
diameter of the indenter, and d is the measured diameter of the indentation.

𝐻𝐵𝑊 =

2𝐹𝑘𝑔𝑓
𝜋𝐷(𝐷 − √𝐷2 − 𝑑 2 )

(2.1)

The reported hardness values were the average of 10 indentations with a 95% confidence
interval for a n = 10 Student’s t-distribution.
2.3.2

Optical Microscopy

Samples of the selected alloys for the study were sectioned from the parent material and hot
mounted in Struers Condufast. Samples were then polished on a Struers TegraPol-11 down in
grits to end with a 0.2 µm colloidal silica. A 2% nital etchant was used to reveal the
microstructures which were imaged on a Zeiss Axiovert 200M optical microscope.

8

2.3.3

Prior austinite grain size determination
Material was intentionally temper embrittled to diffuse sulfur and phosphorus to prior

austenite grain boundaries (PAGB) for a better contrast during etching. Temper embrittlement
involved heating the material to 500 °C for 16 hours in a Lucifier 7AM-F18 furnace and allowed
to cool in air. Sample preparation was identical up to polishing as outlined in optical microscopy.
However, a hot picrical etchant was performed on the samples. The picrical etchant consisted of
100 mL H2O, 2 g of Picric Acid, 0.5 g Sodium Dodecyl Benzene Sulfonate, and 10 drops of
HCl. The solution was heated on a hot plate to 90 °C and samples were etched for 1 minute.
After etching, samples were back polished with 0.05 μm of colloidal silica for 30 seconds to
remove the etched martensitic structure.
2.3.4

Scanning electron microscopy
In order to help distinguish further between the materials, the prior austenite grain size

was determined via electron backscatter diffraction (EBSD). Polished samples were loaded into a
Zeiss Supra 40 field emission gun scanning electron microscope (FEG-SEM). An EBSD scan
size of 100 µm x 100 µm at a step size of 0.1 µm was selected. Isolation of grain boundary
angles between 18° and 48° revealed the prior austenite grains[20]. Grain size determination was
conducted according to ASTM E112[21].
2.3.5

Charpy V-notch testing
Due to the thickness of the final rolled material, half-thickness (5 mm) ASTM E23

Charpy V-notch samples were machined from the plate [22]. Samples were extracted from both
the T-L and L-T orientations. Impact testing was conducted at -40 °C by submerging Charpy
samples in a SP FTS Charpycool Bath set at -40 °C for 10 minutes prior to testing. Energy
9

absorption values were determined using a 750 J MPX Instron pendulum impact test system. The
reported values were the average of 6 tests for each condition with a 95% confidence interval
using a n = 6 Student’s t-distribution.
2.3.6

Bend test
3-Point bend samples were machined from the material in the transverse orientation.

Samples were 0.25 in. x 2 in. x 8 in. rectangular prisms with the 2 in. dimension being parallel to
the rolling direction. A custom 3-point bend fixture with 2-inch pins was placed in a Instron
8850 load frame with a 67 kip load cell. A schematic of the testing setup is shown in Figure 2.1.
The span, denoted as C, was 74 mm. The bend test was controlled purely by crosshead
displacement of Pin 2. Pin 2 descended at a rate of 0.5 mm/s to a total displacement of 39 mm
and was then raised at a rate of 1 mm/s. The total 39 mm displacement was chosen to achieve a
90° bend of the material before relaxation.

Figure 2.1

3 Point bend test schematic as outline by ASTM E290-14
10

2.4

Hydrogen testing
Several tests were conducted to determine the sensitivity of the material to hydrogen

embrittlement. Thermal desorption spectroscopy (TDS) was performed to evaluate the current
levels of hydrogen within the received materials. The diffusivity of hydrogen through each
material was determined by permeability testing. Finally, samples were charged with hydrogen
and slow-strain rate testing was conducted to observe the effects of hydrogen embrittlement and
view the degradation of material tensile properties.
2.4.1

TDS
Thermal desorption spectroscopy evaluates the desorption rate of hydrogen from a

material as a function of temperature of the material. By heating the material, the required
activation energy of hydrogen traps is achieved, and hydrogen begins to egress from the material.
The required activation energy allows the hydrogen traps to be quantified in terms of binding
energy [23]. However, it has been shown that trapped hydrogen does not contribute to the effect
of hydrogen embrittlement [24]. That is, bound hydrogen may reflect the current occupation of
hydrogen traps within the material. However, the bound hydrogen will not freely diffuse during
testing of the material and contribute to the onset of hydrogen embrittlement.
Samples for thermal desorption spectroscopy (TDS) were sectioned from permeability
samples located from the centerline of the plates. Due to the size of the permeability sample
being 50 mm x 50 mm x 1 mm in thickness and the interaction area for permeability being a 40
mm diameter circle, corners of the sample remained outside of the permeability testing area.
Taking advantage of the lapped material with a thin thickness, a corner was extracted from the
permeability sample for TDS measurements.
11

2.4.2

Permeability
Hydrogen permeability testing has served as the passive method for quantifying traps

within a material by using a subtraction method. A steel membrane was placed between two
electrochemical cells. One cell generates hydrogen via cathodic charging and hydrogen began to
diffuse through the steel membrane. The opposing cell is an oxidation cell that detected the
oxidation of hydrogen as it permeates to the surface of the steel membrane on the oxidation side.
After achieving steady state, all traps within the steel membrane were saturated. Then, once the
cathodic charging is ceased, the system returned to a lower steady state as hydrogen egresses
from the membrane and weak traps. After performing a second iteration of the permeability test,
the difference in effective diffusivity corelated to the quantity and binding energy of strong
hydrogen traps within the material. In other words, the difference between the 1st and 2nd
transient response of the permeability test corresponded to presence of strong hydrogen traps.
Samples were sectioned from the parent material at 3 different levels through the
thickness of the material in an attempt to quantify the presence of traps at varying locations
within the alloys, at centerline, quarter-line, and surface. Figure 2.2 visually depicts the locations
through thickness, an example permeability sample, and the O-ring placement on both the
oxidation and charging side.

12

Figure 2.2

Permeability sample locations and interaction area.

(a) Visual representation of viewing rolled plate through thickness. The red rectangles
represent sample locations at the surface, quarter-line, and centerline. (b) An example
permeability sample (c) The red area reflects the O-ring placement on both the oxidation
and charging side of the sample. The interaction area of the permeability sample exposed
to each cell was 12.56 cm2.

Samples extracted from the parent materials were lapped to the required thickness and
then cleaned in ethanol using a ultrasonic cleaner. Prior to permeability testing, the oxidation
side of the permeability sample was sputter coated with a palladium target to prevent corrosion
of the material during testing.
The effective diffusivity was evaluated by calculating the elapsed time using Equation
2.1 and 2.2 as outlined by ASTM G148 [25]. The elapsed time, tlag, was found based on the
measured hydrogen flux reaching 63% of the steady state value. Effective diffusivity (Deff) was

13

calculated with the specimen thickness, L, and the elapsed time shown in Equation (2), where Jss
is the steady state flux value.
𝐽(𝑡𝑙𝑎𝑔 )
= 0.63
𝐽𝑠𝑠

(2.2)

𝐽(𝑡𝑙𝑎𝑔 )
= 0.63
𝐽𝑠𝑠

(2.3)

For achieving a statistical average, 3 permeability samples were extracted from a given
location with thicknesses of 1 mm, 1.25 mm, and 1.5 mm. According to equation governing
steady state diffusion of hydrogen flux, as provided in Equation 2.3, is inversely proportional to
thickness, L, when the effective diffusivity, Deff, and the initial concentration, C0, are held
constant. Therefore, by testing the permeability of the material at the same location with 3
different thicknesses, the effective diffusivity of the material can be determined by a linear
regression of the 3 tests [25, p. 148].

𝐽𝑠𝑠 =

𝐶0 𝐷𝑒𝑓𝑓
𝐿

(2.4)

During hydrogen permeability testing, the alloy sample was affixed in between two cells
(Devanathan-Stachurski cell) using O-rings[26]. The effective surface areas for both hydrogen
charging and output sides were 12.57 cm2. The oxidation cell (hydrogen output side) was filled
with 0.1 M sodium hydroxide solution [27], [28], deaerated with argon gas for about 15 minutes
after which it was then polarized at 100 mV Hg/HgO reference electrodes using the Solartron
potentiostat. The counter electrodes used for both cells are spiral platinum wires. The
polarization was performed for about 2 hours 20 minutes until a background current lower than 1
14

µA was obtained. The hydrogen charging (reduction cell) was carried out in a 0.1 M sodium
hydroxide solution with a Keithley 220 programmable current source. The charging was done for
4 hours using a current of -0.25 mA/cm2 (- 3.14 mA) until steady state is achieved after which
the hydrogen gas was allowed to diffuse out for 6 hours. A single set of experiment was
performed in 1950 minutes as three cycles of charging and discharging were carried out.
2.4.3

Hydrogen charging and slow-strain rate testing
Hydrogen susceptibility testing was carried out to evaluate the vulnerability of the

material to embrittlement by performing tensile tests at slow strain rate ranging from 1.0 x 10-6 s1

to 6.5 x 10-6 s-1 on hydrogen charged samples with different levels of charging density and

therefore concentrations of hydrogen.
Subsize ASTM E8 tensile samples were sectioned from the parent material with the
rolling direction parallel to the loading direction. Slow strain rate testing was conducted on both
uncharged and charged samples using a 5900R 5882 Instron test frame with a 100 kN load cell.
A crosshead displacement was prescribed for testing to failure at a rate of 1.6 x 10-4 mm/s. Strain
measurements of the material were made using digital image correlation (DIC) using Vic-2D 6
software. A CSI -2.3MP camera by Correlated Solutions was fixed in front of the Instron load
frame with a Schneider Kreuznach XNP 2.8/50 – 0902 anti-shading lens and 5 mm extension
tube. Images were taken every 20 seconds using the Vic-Snap program. The Bluehill 2 software
running the Instron load frame was also set to record data every 20 seconds. At the end of each
tensile test, the output of the DIC measured strain and the load from the Instron test frame were
correlated, via time stamps, to provide the stress-strain curves. Verification of the stress and
strain combination from the two different sources was made by inspection of the failure point of
the material.
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ASTM E8 subsize flat tensile samples were charged with hydrogen in a 0.1 M H2SO4
solution with 0.25 g/L Thiourea[29]. Different charging densities were applied to the specimen
for 1 hour with a platinum mesh being the cathode. At the conclusion of charging, specimens
were electroplated with zinc to prevent hydrogen egression during slow strain rate testing.
Specimens were rinsed with deionized (DI) water and submerged in a solution of boric acid,
sulfuric acid, and zinc. Electrochemical deposition of zinc was performed for 12 minutes under a
current density of 0.5 mA/cm2. After achieving a zinc coating, the tensile samples were rinsed
again with DI water and dried, and the gauge section was speckle coated with black on white for
DIC measurements.
After completion of tensile testing, the fracture surfaces of the tensile samples were
sectioned off using a diamond saw and mounted onto aluminum studs using carbon tape. The
fracture surfaces were loaded into a Zeiss Supra 40 FEG-SEM with an applied beam voltage of
20 keV and an aperture of 120 µm for imaging.
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CHAPTER III
COMPARISON STUDY OF HYDROGEN SENSITIVITY OF COMMERICAL HHA
MATERIAL
3.1

Material selected for study
Several commercial HHA alloys were received from Army Research Laboratory to

characterize the materials and observe the effects of hydrogen embrittlement directly. The
chemical composition of the alloys was determined via OES and gas chromatography. The
chemical composition of the alloys is provided in Table 3.1.
Table 3.1

Chemical composition of received commercial HHA alloys (wt%)
C

Si

Mn

ARL 1 0.327

0.384

0.79

ARL 2 0.270

0.226

ARL 3 0.267

P

S

Cr

Ni

Mo

0.0110 0.0055 0.520

1.100

0.530

0.63

0.0092 0.0011 0.462

0.114

0.036

0.228

0.68

0.0110 0.0018 0.483

0.095

0.019

ARL 4 0.266

0.264

0.68

0.0120 0.0020 0.481

0.093

0.019

ARL 5 0.280

0.239

0.81

0.0090 0.0009 0.466

0.960

0.320

ARL 6 0.281

0.272

0.78

0.0110 0.0006 0.484

0.970

0.311

Ti

V

Fe

Ceq.

Ceq.II [1]

ARL 1 0.091 0.0000 0.0077 0.0015

Bal.

0.750

0.799

ARL 2 0.187 0.0087 0.0050 0.0008

Bal.

0.496

0.520

ARL 3 0.145 0.0091 0.0041 0.0012

Bal.

0.498

0.524

ARL 4 0.171 0.0110 0.0050 0.0011

Bal.

0.498

0.531

ARL 5 0.205 0.0009 0.0260 0.0015

Bal.

0.655

0.673

ARL 6 0.207 0.0000 0.0330 0.0011

Bal.

0.655

0.675

Cu

B
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Reviewing the chemical compositions provided in Table 3.1, several of the alloys have
similar chemical compositions. The following alloys were selected, shown in Table 3.2, due to
the variability in chemical composition. Alloys were renamed for convenience. ARL 5, 3, and 1
were renamed Alloy A, B, and C, respectively.
Table 3.2

Chemical composition of commercial HHA alloys selected for study (wt%)
C

Si

Mn

A 0.280

0.239

0.81

B 0.267

0.228

C 0.327

P

S

Cr

Ni

Mo

0.0090 0.0009 0.466

0.960

0.320

0.68

0.0110 0.0018 0.483

0.095

0.019

0.384

0.79

0.0110 0.0055 0.520

1.100

0.530

Ti

V

Fe

Ceq.

Ceq.II [1]

A 0.205 0.0009 0.0260 0.0015

Bal.

0.655

0.673

B 0.145 0.0091 0.0041 0.0012

Bal.

0.498

0.524

C 0.091 0.0000 0.0077 0.0015

Bal.

0.750

0.799

Cu

B

Reviewing the chemical composition of the selected alloys for the study, the typical
composition consisted of a Cr-Ni-Mo blend. Alloy C consisted of the most constituent elements
out of the three consisting of over 0.500 wt% of manganese, chromium, nickel, and
molybdenum. The alloy also had the highest carbon content of 0.327 wt%. Alloy B was the
minimalist alloy with the fewest element additions and lowest carbon content of 0.267 wt%.
Alloy A provided the middle ground of the three alloys with moderate additions of chromium,
nickel, and manganese, and had a middle ground carbon content of 0.280 wt%. In terms of
carbon equivalent value, the alloys selected for the study were nearly evenly spanned over the
range of 0.498 wt% to 0.750 wt%. In terms of overall comparison of chemical compositions, the

18

alloys spanned over a wide range of carbon contents, alloying additions, and carbon equivalent
values.
3.2

Optical microscopy results
After the selection of the alloys to study, material characterization was performed.

Optical micrographs of the materials were obtained, as shown in Figure 3.1.

Figure 3.1

Optical bright field images at 500x magnification of selected commercial alloys for
study

(a) Alloy A (b) Alloy B (c) Alloy C
More detailed microstructural information of the martensitic matrix was obtained from
EBSD microstructural-crystallographic characterization technique. Figure 3.2 shows the
resulting inverse pole figure map of the scans, overlaid with an image quality (IQ) mapping.
Figure 3.3 shows the isolated boundaries identified as having 20-48° misorientation as a proxy
for the prior austenite grain size (PAGS). The determined prior austenite grain size for alloys A,
B, and C were 16.06 µm, 11.04 µm, and 9.81 µm, respectively.
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Figure 3.2

EBSD scanning results of commercial HHA alloys obtained from 100 μm × 100
μm area with a 0.1 μm step size.

(a) Alloy A (b) Alloy B (c) Alloy C. All the EBSD scans shown have the same orientation
color mapping.

Figure 3.3

EBSD scanning results isolating grain boundary angles between 20° and 48° for
commercial alloys of interest

(a) Alloy A (b) Alloy B (c) Alloy C
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3.3

Brinell hardness results
Brinell hardness measurements of the commercial alloys were conducting according to

the methodology outline in section 2.2.1 and are provided in Table 3.3.
Table 3.3

Brinell Hardness of Commercial HHA Alloys

Hardness(HB)
Avg PAGB
(µm)

3.4

A
495

B
514

C
534

16.06

11.04

9.81

TDS results
Prior to performing permeability tests, the intrinsic hydrogen levels were determined

within each of the materials because the history of the materials’ environmental exposure was
unknown. Samples were sectioned from the corners of the permeability samples that were not in
the interaction area of permeability testing. Samples were 6 mm x 6 mm x 1 mm in size. Thermal
desorption spectroscopy (TDS) was used with a vacant chamber at a heating rate of 0.2 °C/s to
determine the background level of hydrogen outgassing within the chamber. Figure 3.4 plots the
detected hydrogen levels via the quadruple mass spectrometer versus the chamber temperature.

21

Figure 3.4

TDS results of the 3 alloys and the background hydrogen level

The general hydrogen content of the materials was determined by subtraction of the
background level of 3.1068 x 10-7 mol from each of the measured levels. The hydrogen content
for the materials was 1.1768 x 10-7 mol (alloy A), 7.6664 x 10-8 mol (alloy B), and 1.6976 x 10-7
mol (alloy C). Therefore, based on the hydrogen content of the materials in the as-received
condition, Alloy C possessed the highest concentration of retained hydrogen, followed by A and
B. Given the density of the material and a sample size of 6 mm x 6 mm x 1 mm, the hydrogen
content in weight percent was determined. Assuming the density of the alloys to be
approximated as 7.85 g/cm3 and considering the molar mass of hydrogen to be 1.007947 g/mol,
the weight percent of hydrogen in the materials was calculated to be 0.42 ppm wt.% H for A,
0.27 ppm wt.% H for B, and 0.61 ppm wt.% H for C.
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3.5

Permeability results
The effective diffusivity was calculated for each material at various locations through the

thickness for the first and second transients. The reported values in Figure 3.5 are obtained from
the linear regression of the effective diffusivity over 3 samples of different thicknesses at the
provided location.

Figure 3.5

The determined effective diffusivity for each alloy regarding location sectioned
from the alloy thickness.

The determined effective diffusivity spanned from 2.51 x 10-7cm2/s to 5.63 x 10-7 cm2/s.
With the exception of Alloy B, the effective diffusivity was found to be higher at the centerline
of the rolled plates. Alloys A and B showed a significant change in the effective diffusivity
between the 1st and 2nd transient. Alloy C remained nearly constant between both transients,
regardless of location. The lack of change between transients was attributed to the hydrogen
traps already being occupied. TDS results have shown 0.61 ppm wt.% of hydrogen to desorb
from alloy C prior to performing the permeability tests.
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3.6

SSRT uncharged
Prior to evaluating hydrogen susceptibility via tensile tests on hydrogen charged samples,

tensile tests were performed on the as-received condition samples. It was imperative to determine
if the current hydrogen contents of the alloys were significant enough to induce a hydrogen
embrittlement response from the material. The resulting stress-strain curves of each of the alloys
are provided in Figure 3.6.

Figure 3.6

Engineering stress-strain curves of the alloys in the as-received condition.

The result of testing the alloy in the as-received condition showed that the levels of
hydrogen already present in the materials were not sufficient to cause hydrogen embrittlement.
All the samples tested at the slow strain rate were found to have cup and cone fracture surfaces
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exclusively showing regions of micro-void coalescence. The trends in the ultimate tensile
strength determined from the testing correspond to both the prior austenite grain size and the
hardness values of the alloys. That is, the ultimate tensile stress increased with increasing
material hardness and decreasing average prior austenite grain size.
3.7

SSRT charged
Due to the variability of the stress-strain curves between the different alloys, the slow

strain rate tensile test results from hydrogen charging of a given alloy were only compared to the
alloy in the as-received condition. As such, hydrogen charged tensile samples were evaluated by
the overall degradation to the stress-strain response of each individual material. Two levels of
current densities were used for hydrogen charging of tensile samples. Samples were charged with
0.25 mA/cm2 and 0.5 mA/cm2. It was found that increasing the current density beyond 0.5
mA/cm2 yielded no enhanced hydrogen embrittlement effect.
Given a prescribed crosshead speed, variability of the strain rate was observed due to
localization. However, the strain rate of the materials remained on the order of 10-6 s-1. Figure 3.7
shows the results of the average of 3 specimens in the uncharged state, charged with a 0.25
mA/cm2 charging density, and charged with a 0.50 mA/cm2 charging density. The error bars on
the engineer stress strain curves correspond to a 95% confidence interval. The point of failure is
marked with both a vertical and horizontal error bar that corresponds to the maximum and
minimum stress and strain from the 3 duplicate tests.
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Figure 3.7

Engineering stress-strain curves of materials charged with 0.25 mA/cm2 and 0.50
mA/cm2 charging densities as compared to the as-received, uncharged material

(a) Alloy A (b) Alloy B (c) Alloy C
3.8

Fractography of charged samples
Inspection of the fracture surfaces obtained from slow strain rate tensile tested hydrogen

charged samples revealed the area embrittled by hydrogen as shown in Figure 3.8. All of the
fracture surfaces exhibited an area of either quasi-cleavage or intergranular fracture, while the
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other portion of the surfaces of the same sample showed micro-void coalescence. The type of
failure, either quasi-cleavage or intergranular was noted, along with the depth of the region
protruded across the fracture surface. Figure 3.8 also shows several of the fracture surfaces and
areas degraded from hydrogen embrittlement.

27

Figure 3.8

SEM micrographs of the fracture surfaces obtained from the charged materials
tested

(a) Alloy A charged in the 0.50 mA/cm2 condition, (b) a higher magnification image of (a) showing
area of quasi-cleavage, (c) Alloy B charged in the 0.50 mA/cm2 condition, (d) a higher
magnification image of (c) showing the region of quasi-cleavage failure (left-side of image)
meeting the region of micro-void coalescence (right-side of the image), (e) Alloy C charged in the
0.50 mA/cm2 condition showing a large region of intergranular fracture, and (f) a higher
magnification image of (e) showing a typical “fish-eye” intergranular fracture with the average
grain size to be on the order of 10 μm.
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Alloy A and B both exhibited a quasi-cleavage region of hydrogen embrittlement from slow
strain rate tensile testing while alloy C demonstrated a large region of intergranular fracture of
hydrogen embrittlement. By inspection, the grains exposed from intergranular fracture were on
the order of 10 µm which corresponded with the PAGB size of 9.81 µm determined from EBSD.
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CHAPTER IV
DESIGN OF HHA ALLOY WITH INCREASED RESILIENCE TO HYDROGEN
EMBRITTLEMENT
4.1

Hydrogen Traps
Hydrogen embrittlement is caused by monatomic hydrogen diffusing towards stress

concentrations and changing the local failure mechanism. Therefore, the main contributing factor
for hydrogen embrittlement is hydrogen transport as sufficient hydrogen must be locally present
to change the failure mechanism [30]. If the hydrogen can be prevented from readily transporting
through the material and reaching stress concentrations, the effects of hydrogen embrittlement
can be mitigated. Interest in the implementation of hydrogen traps has grown because increasing
the number of hydrogen traps provides a way of controlling hydrogen transport within a material.
Hydrogen traps are microstructural features that diffusible hydrogen will bind to and become
immobile. The traps are separated into two categories: i) reversible (weak) traps and ii)
irreversible (strong) traps. Reversible traps have a low binding energy, and, if enough energy is
provided, the hydrogen atom will be able to leave the trap during the lifespan of the material.
However, an irreversible trap has a high binding energy and will immobilize the diffusible
hydrogen. Although a binding energy value hasn’t been established to distinguish between
reversible and irreversible traps, an approximate value of 40 kJ/mol has been generally accepted
as the conventional value. Table 4.1 contains a list of hydrogen traps and the respective binding
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energies determined via thermal desorption spectroscopy, permeability, and first principle
calculations [8].
Table 4.1

Binding Energy of Select Hydrogen Traps

Trap Site
TiC
Al2O3 / α interfaces

Phase

-Eb/kJ
mol

Iron oxide / α interfaces

α
α
α
α
α
α
α

46 - 116
79
49 - 78
72
72
70
51 - 70

ε-carbide

α

65

α
α
γ+α
α
α

60
58
52
48
33 - 35

Single iron-vacancy
MnS / α interfaces
MnS
Y2O3 / α interfaces

Dislocation core/jogs
Fe1.2Ti0.8S2
γ / α interface
Microvoids
V4C3

Trap Site

-1

General grain boundaries
Single iron-vacancy
Dislocation strain field
Cr, Mo or V atom
Ti atom
Cementite / α interfaces
N atom
Coherent M2C (Mo-rich
needles)
Mn atom
Al atom
C atom
Ni atom

Phase

-Eb/kJ
mol

-1

α
α
α
α
α
α
α

32
24 - 29
23 - 27
26 - 27
26
11 - 18
13

α

11 - 12

α
γ
α
α

11
6
3
-12

After reviewing the available traps from literature, the majority of the strong traps require
an interface between ferrite and an oxide. In terms of properties, these interfaces are
determinantal to material properties and may prevent the material from reaching high hardness
levels. The addition of carbides provides the best method for implementing traps without
sacrificing material properties and may exist in a tempered martensite phase.
4.1.1

Effect of titanium carbide traps
The strongest irreversible trap found in literature is TiC, with a binding energy spanning

from 46 – 116 -mol/kJ depending on the TiC coherency with the surrounding matrix [8]. The
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implementation of the trap into current martensitic alloys has shown some success in reducing
the effects of hydrogen embrittlement. However, the addition of titanium only forms TiC if the
presence of nitrogen is controlled. Nitrogen readily forms nitrides with titanium, niobium, and
boron. By exceeding the stoichiometric ratio of titanium to nitrogen in the melt, 3.4:1 Ti to N in
weight percent, the available nitrogen forms TiN, and the remaining titanium addition is
available to form TiC. Kim et. al showed increasing titanium content over the stoichiometric
ratio in hot stamped boron steels by 0.01 wt% provided an increase in hydrogen resistance from
the formation of TiC [31]. Zhang et al. demonstrated the synergistic effect of the addition of
titanium and niobium in hot stamped boron steels due to the formation of complex Ti(Nb,C)
[32]. Jo et al. demonstrated alloying ultra-high strength steel with Nb (.05 wt%) and Mo (0.10
wt%) to provide an increase in hydrogen resiliency by forming hydrogen trapping carbides [33].
4.1.2

Effect of epsilon carbide traps
Another strong hydrogen trap is epsilon carbide with a binding energy of 65 -mol/kJ [34]

. Yilmaz et al. showed the formation of epsilon carbide to occur during tempering of a
martensitic structure at no more than 200 °C [1] . Beyond 200 °C, rod shaped carbides begin to
precipitate, and possibly tempered martensite embrittlement can occur. The advantage of epsilon
carbide traps is that the trap can be produced by processing alone and does not require additional
alloying. Zhu et al. demonstrated an improvement in hydrogen resistance after tempering a
quench and partitioned steel at 200 °C for 2 hours [35]. However, the benefit of epsilon carbide
was suppressed after 5 minutes of additional hydrogen charging. The loss of hydrogen resilience
was attributed to the epsilon carbide traps reaching saturation.
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4.2

Design of HHA alloy
A 21 kg ingot of the designed alloy was cast in a vacuum induction melt furnace (VIMF).

Prior to casting, the chamber was vacuumed to an absolute pressure of 4.62 × 10-7 torr and
backfilled with argon to 4.97 × 102 torr. The crucible was heated to 1630 °C and was stirred for
10 minutes via electromagnetic agitation. The alloy was then poured into a bookcase mold
measuring 200 mm × 280 mm × 50 mm and allowed to solidify under vacuum. A 50 mm × 200
mm × 5 mm section was extracted from the ingot to verify the chemical composition.
The ingot was reheated in a Sentrotech muffle box furnace to 1250 °C under an argon
environment. A 7-pass hot rolling schedule was performed on the ingot using a Fenn 2Hi
reversing rolling mill to achieve a final thickness of 7 mm. The Fenn 2Hi rolling mill consists of
2 12-inch diameter working rolls of H2 will a maximum separation force of 850,000 lbs. The
thickness was chosen to ensure a 5 mm thick plate could be extracted from the rolled material
after removing surface roughness and possible distortion of the material during quenching. The
plate was allowed to cool to room temperature in open air.
4.3

Chemical composition
The chemical composition of the designed HHA is shown in Table 4.2.

Table 4.2

Chemical composition of cast designed HHA.

Chemical composition (in wt. %)
C

Si

P

S

Mn

Cu

Cr

Ti

Nb

B

Base

0.267

0.228

0.0110

0.0018

0.68

0.145

0.483

0.0091

-

0.0012

Target

0.29

0.25

-

-

0.7

0.15

0.5

0.030

0.03

0.0020

Actual

0.291

0.256

0.004

0.0033

0.698

0.150

0.510

0.031

0.029

0.0022
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CHAPTER V
ROLLING PARAMETER STUDY OF DESIGNED HHA ALLOY
5.1

Introduction to rolling parameters
Hot rolling plastically deforms the material in efforts to produce a desired thickness by

sequential passing the material through a series of rollers. The process of hot rolling steel has a
direct influence on the material properties of the product. During the process, grain refinement is
sought after. Achieving grain refinement, smaller grains, improves toughness and strength of the
steel [36]. A combination of temperature and percent reduction in thickness can achieve
nucleation of new austenite grains.
5.2

JMatPro simulation
JMatPro has a built-in multi-pass hot rolling simulation to account for the grain size of

the material per pass. The inputs for the simulation are annealing temperature (°C), initial
cooling rate (°C/s), initial grain size (microns), and a rolling profile. The rolling profile requires a
temperature (°C), time (s), strain (in/in), and a strain rate (1/s) per pass. To supplement the
required information, several hot rolling schedules were performed to record the temperature of
the ingot and determine the timing.
5.3

Limitations of hot rolling setup
Prior to performing a simulation of the hot rolling process, it was important to define the

limiting factors of the current hot rolling setup and to also define the space in which parameters
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could be varied. First, the Sentrotech heating furnace has a 16 in. × 16 in. × 16 in. capacity. As
the ingot is hot rolled, the length of the ingot will exceed the dimensions of the reheat furnace
and will not be able to be reinserted into the furnace. Therefore, the initial starting temperature
must be adequate to ensure the ingot has enough heat to remain above 900 °C for the duration of
the hot rolling process.
The maximum reduction per pass was also limited by the geometry of the rolling mill.
Given 12-inch diameter working rolls, a maximum thickness reduction per pass was 0.300
inches. Relatively, as the rolling schedule was performed the actual percentage reduction of the
material increased as the thickness of the plate decreased.
Another limiting factor was the time between passes. The Fenn 2-Hi reversing mill
requires time for the reversal of the rolls and the changing of the gap between the rollers for
consecutive passes. The rolling mill achieves a full reversal of the rolls from 35 fpm to -35 fpm
in 14 seconds. The screw-downs, that govern the separation between the working rolls, changes
the gap at a rate of 0.0124 in/s. Therefore, depending on the change in desired thickness between
consecutive passes, the time between passes may be limited by either the working rolls achieving
the proper rpm or the changing of the gap. A piecewise empirical formula, shown as Equation
5.1, was developed to determine the time required between passes dictated by the change in gap
where Δh is the change in gap. A 3 second runoff was also added to either scenario to
compensate for the operator to position the ingot correctly and execute the command for the mill
to reposition for the next pass.
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∆ℎ ≤ (0.0124

5.4

(5.1)

Experimental work to find parameters for simulation
As the ingot was removed from the reheat furnace, the current temperature of the ingot

was unknown. A two-color laser pyrometer was positioned over the entry table as shown with a
red dot in Figure 5.1.

Figure 5.1

Top view of rolling mill and position of the two-color pyrometer
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Due to the rolling mill being a reverse rolling mill, the pyrometer captured the
temperature profile of the ingot for each odd number pass. A 2-inch-thick ingot was hot rolled to
0.5 inches and the temperature profile can be seen in Figure 5.2.

Figure 5.2

Surface temperature of 2-inch ingot during hot rolling

The temperature of the ingot, shown in red, provided a nearly linear decay of temperature
as a function of time. Therefore, another empirical formula was created, shown in Equation 5.2,
to determine the temperature in degrees Celsius of the ingot as a function of time in seconds. It is
important to note that although the reheat furnace was set to 1250 °C the ingot was at 1200 °C
upon entering the rolling mill for the first pass.

𝑇(𝑡) = 1200 −

35
𝑡
19

(5.2)

The strain per pass was calculated using Equation 5.3 where h0 and hf are the initial and
final thickness for a given pass.
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𝜀=

ℎ0 − ℎ𝑓
ℎ0

(5.3)

Finally, the average strain rate was determined via Equation 5.4 where vr is the roller
angular velocity in in./s and R is the radius of the working roll.
1
ℎ0
) ln
𝜀̅̇ = 𝑣𝑟 (
𝑅∆ℎ
ℎ𝑓

(5.4)

With the provided equations and empirical formulations, the parameters for simulating a
rolling schedule within JMatPro was possible as a function of desired reductions per pass. For a
given rolling schedule, the change in gap dictated the applied strain, the strain rate, the time
between passes, and the predicted surface temperature of the ingot.

5.5

Rolling of test ingots
An ingot cast in the VIMF produced the following chemical composition as outline in

Table 5.1.
Table 5.1

Chemical Composition of Rolling Test HHA (wt%)
C
Target 0.29
HHA

Si

Mn

Cr

Cu

Ti

Nb

B

0.25

0.7

0.5

0.15

0.03

0.03

0.002

0.305 0.251 0.68 0.51 0.151 0.0302 0.0314 0.0019

The ingot was sectioned into 2 rolling test ingots with a waterjet, as shown in Figure 5.3.
A 0.25-inch section was removed from the core of the ingot in attempt to determine the prior
austenite grain size prior to rolling because JMatPro requires an initial grain size for the
simulation.
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Figure 5.3

Hot rolling test ingots for comparison with JMatPro simulations

Attempts to determine the PAGB size of the microstructure in the as-cast state
optically were unsuccessful. Therefore, a simulation was performed with varying initial PAGB
size to determine the variation the input parameter has on the simulation. Figure 5.4 shows there
was no effect with varying the initial grain size on the final grain size at the completion of the
rolling simulation.
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Figure 5.4

JMatPro multi-pass hot rolling simulation with varying initial PAGB sizes

The results of varying initial grain size show the simulations converge by the 4th pass. An
initial grain size of 200 microns was assumed. At this point, all initial variables for the
simulation have been determined.
An initial rolling schedule was developed and simulated with JMatPro. The first rolling
schedule, referred to as Mississippi State University (MSU) conventional, was an 8-pass rolling
schedule to a desired thickness of 0.25 inch as shown in Table 5.1.
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Table 5.2

MSU conventional rolling schedule

Pass Start (in) Finish (in) Δh (0.001 in) % Reduction Temperature (°C)
1

2.0

1.8

200

10

1200

2

1.8

1.5

300

16.6

1168

3

1.5

1.25

250

16.6

1123

4

1.25

1.05

200

16.0

977

5

1.05

0.85

200

19.1

962

6

0.85

0.65

200

23.5

936

7

0.65

0.45

200

30.8

931

8

0.45

0.25

200

44.4

875

According to the JMatPro simulation, recrystallization of the austenite grains would
occur for several of the passes. The simulation provided an estimated final grain size to be 35
microns. Figure 5.5 and Figure 5.6 shows the simulation output of estimated grain size for each
pass and the amount of recrystallization occurring during the prescribed rolling schedule.
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Figure 5.5

Simulated average grain size of MSU conventional rolling schedule
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Figure 5.6

Simulated recrystallisation fraction of austenite grains during MSU conventional
rolling schedule

The first ingot was rolled and the JMatPro simulation was updated to include temperature
measurements made during the hot rolling. Figure 5.5, Figure 5.6, and Figure 5.7 show the
PAGB size of the MSU conventional rolled ingot. From the figures, it was clear that not only
was an appreciable reduction in average PAGB size achieved, but also a desired morphology. As
seen in Figure 5.7, the PAGB have been distorted into ellipsoid shapes. The benefit of such a
distortion is that upon reheating to austenitization, there exist more grain nucleation sites.
Therefore, the grain structure will be refined even further during the subsequent heat treatment.
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Figure 5.7

Optical images of the PAGB size of the MSU conventional ingot in the rolling
direction.
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Figure 5.8

Optical images of the PAGB size of the MSU conventional ingot in the transverse
direction.
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Figure 5.9

Create a shor Optical images of the PAGB size of the MSU conventional ingot in
the normal direction.

At this point, a modified rolling schedule was developed in an attempt to refine the grain
structure further in comparison to the MSU conventional rolling schedule. The modified rolling
schedule shown in Table 5.3 was an effort to maximize the amount of reduction possible per pass
with the Fenn 2-Hi rolling mill. Figure 5.10 shows the comparison of the simulated grain sizes
per pass of the MSU conventional and modified rolling schedules.
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Table 5.3

Modified rolling schedule

Pass

Start (in)

Finish (in)

Δh (0.001 in)

% Reduction

Temperature (°C)

1

2.0

1.7

300

15

1200

2

1.7

1.4

300

17.6

1094

3

1.4

1.15

250

17.9

1057

4

1.15

0.9

250

21.7

995

5

0.9

0.65

250

27.8

924

6

0.65

0.35

300

46.2

904

7

0.35

0.25

100

28.6

807
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Figure 5.10

JMatPro simulation of average grain size comparing both rolling schedules

By increasing the reductions per pass, the modified rolling schedule simulation predicted
an average grain size of 20 μm by the last pass. The simulated recrystallization using the
modified rolling schedule is shown in Figure 5.11 where the recrystallization fraction remains
higher than the recrystallization anticipated using the MSU conventional rolling schedule.
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Figure 5.11

Simulated recrystallisation fraction of austenite grains during modified rolling
schedule

Although the modified rolling schedule was performed successfully on the second half of
the cast ingot, the plate showed signs of distortion. As the strain applied to the material
increased, the ingot was more likely to distort and bow during rolling. Sections were taken from
both plates that were rolled with the two different rolling schedules. Because the rolled plate
cannot be quenched directly after rolling, a view of the final PAGB size and morphology was
desired. The PAGB size of the final product, after quenching the plate, was determined by
heating the section pieces to 900 °C for 20 minutes and quenching in water. By viewing the final
PAGB size, the impact of the different rolling schedules was observed. Figure 5.12 compares the
quenched PAGB of both plates produced with different rolling schedules.
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Figure 5.12

Comparison of PAGB of quenched plates produced with MSU conventional and
modified rolling schedules

Figure 5.12 shows how the two materials produced by the MSU conventional and
modified rolling schedules produced the same size PAGB microstructure after being heated to
900 °C and quenched. The MSU conventional rolling schedule, after quenching, produced an
average PAGB grain size of 5.1 μm. Whereas, the modified rolling schedule produced an
average PAGB grain size of 4.3 Due to both rolling schedules producing average PAGB grain
sizes within a 1 μm and the difficulty associated with the ingot behavior during the modified
rolling schedule, the conventional rolling schedule was used to produce the designed HHA

.
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CHAPTER VI
EVALUATION OF DESIGN HHA ALLOY AND COMPARISON WITH COMMERICAL
HHA
6.1

Chemical Composition of Design HHA
Table 6.1 contains the measured chemical composition of the designed HHA in

comparison with Alloy B.
Table 6.1

Chemical composition of Base material and Design HHA

Chemical composition (in wt. %)
C

Si

P

S

Mn

Cu

Cr

Ti

Nb

B

Base

0.267

0.228

0.0110

0.0018

0.68

0.145

0.483

0.0091

-

0.0012

Target

0.29

0.25

-

-

0.7

0.15

0.5

0.030

0.03

0.0020

Actual

0.291

0.256

0.004

0.0033

0.698

0.150

0.510

0.031

0.029

0.0022

The chemical composition of the designed alloy achieved a nitrogen content of 26 ppm
wt% nitrogen. Therefore, assuming the initial titanium addition combined with all the available
nitrogen, an excess of 0.0211 wt% titanium was available in the alloy to form TiC. Because the
VIMF was not operated with a slag to remove impurities, phosphorus and sulfur were present in
the alloy. However, Table 6.1 shows that the designed alloy had 70 ppm wt% less phosphorus
than the base material, but an additional 15 ppm wt% sulfur. With the exception of boron, the
resulting chemical composition of the designed alloy was within 4% of the targeted chemical
composition.
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In terms of carbon equivalent values, using Equation 1.2, the base material had a value of
0.515 wt% and the designed alloy had a value of 0.567 wt%. The addition of microalloying
elements only provided a 10% increase in the carbon equivalent value.
6.2

Heat Treatment of Designed HHA
The rolled plate was sectioned into 200 mm × 250 mm × 7 mm pieces to ensure adequate

quench rates were achieved. Each section was reheated to 900 °C for 15 minutes under an argon
environment and quenched in water. The plate sections were tempered at 200 °C under argon for
1 hour, 4 hours, and 8 hours which will be referred to as D1, D4, and D8, respectively.
The Holloway-Jaffe parameter equation, as shown in Equation 6.1, allows for equating
tempering times and temperature. Where Hp is the Holloway-Jaffe parameter, T is the
temperature in Kelvin, c is the material constant, and t is the tempering time in hours [37].
𝐻𝑝 = 𝑇(𝑐 + log 𝑡)

(6.1)

The material constant, c, depends upon alloy composition and phases present. Kang et al.
developed an empirical formula for determining the material constant of a martensitic steel based
on the chemical composition of the alloy. Equation 6.2 contains the equation for the material
constant.

𝐻𝑝 = 𝑇 (log 𝑡 + (𝑘0 + ∑ 𝑘𝑖 𝑋𝑖 ))
𝑖

(6.2)

Where k values represent empirical coefficients for each alloying element, as reported by
Kang et al. and X values correspond to the mass percent of each alloying element [38]. Using the
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chemical composition of the designed alloy from 6.1, the material constant, c, was calculated to
be 12.9 using Equation 6.2.
Using the Holloway-Jaffe parameter, the tempering times for D1, D4, and D8 can be
equated to a 1 hour tempering with different tempering temperatures. The equivalent tempering
temperatures for a 1-hour tempering are 200 °C, 222 °C, and 233 °C for D1, D4, and D8,
respectively.
6.3

Hardness Results of Designed HHA
Table 6.2 shows determined Brinell Hardness values of D1, D4, and D8 along with the

base alloy.
Table 6.2

Brinell Hardness values of designed alloy and commercial HHA

Hardness (HB)
Base

D1

D4

D8

516.5 ± 2.6

534.9 ± 3.8

517.3 ± 3.7

515.3 ± 2.2

The hardness values reported in 6.2 show that increasing the tempering time of the
designed alloy above 1 hour dropped the Brinell hardness of the material down to match the base
material at approximately 516 HB. Increasing the tempering time beyond 4 hours did not result
in a further softening of the material. The lack of further softening the material is reflected in the
equivalent tempering temperatures for a 1-hour tempering. The difference between D1 to D4 in
equivalent tempering temperature was 22 °C and the difference between D4 to D8 was only 11
°C. In terms of hardness, D4 and D8 provide a direct comparison against the base alloy because
they match in hardness values.
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6.4

SSRT testing
SSRT testing of the materials were performed, as outlined in section 2.2.7.3, in the

uncharged condition and are plotted in Figure 6.1.

Figure 6.1

Slow-strain rate tensile testing of the materials in the uncharged condition.

SSRT testing of the materials after charging with a 0.5 mA/cm2 current density are provided in
Figure 6.2.
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Figure 6.2

Engineering stress-strain curves of the different tempering times in the charged and
uncharged condition

(a) Baseline alloy (b) Designed alloy with 1 hour temper (c) Designed alloy with 4-hour
temper (d) Designed alloy with 8-hour temper.
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6.5

Charpy V-notch impact results
The Charpy V-notch impact tests conducted at -40 °C showed the designed alloy to

underperform the baseline alloy. Energy absorptions in the transverse direction showed a 25%
reduction in value, while the rolling direction showed over a 50% reduction. Tempering of the
alloy from D1 to D4 showed a slight increase in energy absorption values, however, tempering
beyond 4 hours to D8 showed a drop in value. Table 6.3 shows the energy absorption values
obtained from testing in both the L-T and T-L direction at -40°C.
Table 6.3

Half-thickness Charpy V-notch impact testing results at -40°C.
Energy Absorption at
-40°C (ft lb)
Material

T-L

L-T

Base

20.5 ± 1.1

18.2 ± 1.2

D1

7.7 ± 0.7

14.8 ± 1.2

D4

8.9 ± 0.8

15.2 ± 1.4

D8

7.2 ± 1.5

14.0 ± 1.8

Tervo et. al. showed that as the impurity levels rise in an ultra-high strength steel, the
toughness of the material at -40 °C begin to drop. The drop in energy absorption values were
attributed to TiN, CaS, and MnS inclusions [39], [40]. It is clear with the increase of sulfur
contents between the base alloy and design alloy and the increase in TiN present, the reflected
energy absorption value drops in comparison to the base alloy.
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6.6

Discussion
In the uncharged condition, tensile testing of the designed alloy surpassed the base

material in terms of ultimate tensile stress and elongation to failure, as shown in Figure 6.1.
However, the addition of carbides into the designed alloy was reflected in the lower energy
absorption values, shown in Table 6.3. A slight increase in energy absorption was observed as
the tempering time was increased. However, the increase in energy absorption was insufficient to
match the energy absorption values obtained by the base alloy.
Figure 6.3 shows a comparison of the average tensile failure points of each of the alloys
in the charged condition.

Figure 6.3

Average failure stress and strain of the charged alloys. The error bars reflect
minimum and maximum values obtained over the 3 duplicate samples tested for
each condition
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The average failure stress and strain of each alloy, shown in Figure 6.3, outline the effect
of TiC. At the given charging condition and solution, the effect of TiC alone was not sufficient to
decrease the hydrogen susceptibility of the alloy, especially when comparing the base alloy to
D1. Nanninga et al. determined that material hardness supersedes alloying elements in terms of
hydrogen sensitivity [41]. Therefore, the addition of TiC did not provide adequate hydrogen
trapping to compensate for the higher hardness of D1 versus the base alloy. After tempering for 4
hours, a direct comparison of the hardness levels was possible. D4 demonstrates the combined
effect of epsilon carbide and TiC in reducing the alloy’s sensitivity to hydrogen embrittlement
and an improvement in the required stress to failure increases. However, after 8 hours of
tempering, the effect of epsilon carbide diminishes, and the resulting behavior is similar to D1.
In terms of repeatability, the alloys demonstrated a large variability provided the same
sample geometry and charging conditions. In terms of hydrogen embrittlement, the phenomenon
occurs because hydrogen diffuses towards stress concentrations. Provided, in a tensile test, the
only source of stress concentrations are impurities and carbides within the iron matrix. The
variability of carbide size and location attribute to the variability of the results, as a sufficient
stress concentration must exist to nucleate a crack.
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CHAPTER VII
APPLICATION OF HYDROGEN TRAPS TO IMPROVE RHA TO HHA
7.1

Concept of RHA to HHA
Another approach was taken to attempt to reduce the sensitivity of HHA to hydrogen

embrittlement. Weak hydrogen traps, such as carbon in solid solution, can serve as sources for
diffusible hydrogen if enough energy is provided. As outlined by the previous work here, the
addition of microalloying with focus on TiC formation provided a reduced sensitivity to
hydrogen embrittlement while increasing the hardness of the material. With RHA having a lower
carbon content and being less susceptible to hydrogen embrittlement, a RHA alloy was designed
with microalloying additions to achieve the hardness required of HHA.
7.2

Design of RHA
A chemical composition, as shown in Table 7.1, was targeted that combined a generic

RHA alloy from the US Army Engineer Research and Development Center (ERDC) with
microalloying additions [42]. The ingot was cast in the VIMF and the chemical composition was
determined via OES and gas chromatography.
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Table 7.1

Chemical composition of microalloyed RHA
Chemical composition (in wt. %)
C

Si

Mn

S

P

Mo

-

-

0.45

0.020

0.050

0.0020

0.478

0.021

0.044

0.0021

Target

0.25

0.25

1.25

Actual

0.262

0.28

1.13

Ti

Nb

B

The alloy was cast in-house and subsequently hot rolled to 0.25 inch thick. The plate was
heated to 900 °C for 15 minutes and quenched in water. A 1 hour temper was then performed at
200 °C. Brinell hardness measurements of the quench and temper plate were 514 HB, within the
required hardness range of HHA.
7.3

SSRT of charged samples
The material was slow-strain rate tested with subsize E8 tensile samples in both the

charged and uncharged condition, as shown in Figure 7.1.
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Figure 7.1

7.4

SSRT results of microalloyed RHA in the charged and uncharged condition

Bend test results
A bend test was selected to be performed on the microalloyed RHA to provide a

validation for an ISV model of the material. The material achieved the required 90° bend without
cracking and therefore meets the bend test requirement as outlined by MIL-DTL-46100E. Figure
7.2 shows the plate under load achieving the required 90° bend.
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Figure 7.2

Bend test of microalloyed RHA achieving required 90° bend

After unloading, the bend was inspected for cracking. Figure 7.3 shows the reverse side
of the bending specimen absent of cracks.
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Figure 7.3

Reverse side of microalloyed RHA bend specimen absent of cracks

In comparison of the ISV modeling to the 3-point bend test, an interesting edge
phenomenon was observed at the bent section of the material. During deformation, the edges of
the plate flared away from pin 2, as shown in Figure 7.4. The ISV model was run prior to
performing the bend test and demonstrated the robustness of the model in capturing the material
response. By creating a model that captures the behavior of the material, the model can be used
in lieu of experimental work and provides engineers with another tool for designing with the
material.
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Figure 7.4

3-Point bend test results. (a) Modified RHA after 3-Point bend (b) ISV simulation
of modified RHA after 3-Point bend

The microalloying additions to a generic RHA showed the ability to achieve HHA
requirements with a reduced sensitivity to hydrogen embrittlement and the robustness of the ISV
modeling in predicting the material response.
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CHAPTER VIII
CONCLUSION
The result of testing the commercial HHA alloys, the designed HHA, and the
microalloyed RHA are provided in Table 8.1.
Table 8.1

Summary of all alloys involved in hydrogen embrittlement study
Commercial HHA Alloys

Microalloyed
RHA

Designed HHA

Alloy Name

A

B

C

D1

D4

D8

R

Hardness (HB)

495

514

534

535

517

515

514

Carbon (wt.%)

0.280

0.267

0.327

0.291

0.291

0.291

0.262

CE (wt.%)

0.655

0.498

0.750

0.567

0.567

0.567

0.639

σyield (MPa)

1368

1488

1458

1474

1497

1427

1449

σUTS (MPa)

1670

1752

1864

1880

1860

1721

1769

σfracture (MPa)

1242

1402

1626

1535

1487

1358

1459

19.4

17.5

8.6

14.8

15.2

14.0

-

14.4

13.9

8.3

7.7

8.9

7.2

-

Charpy (1/2
width)(-40°C) L-T
(ft·lb)
Charpy (1/2
width)(-40°C) T-L
(ft·lb)
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Table 8.1 (continued)

Commercial HHA Alloys

Microalloyed
RHA

Designed HHA

Alloy Name

A

B

C

D1

D4

D8

R

(1) σfail0.50mA
(MPa)

1298

869

545

1317

1387

1320

1607

(2) σfail0.50mA
(MPa)

1228

1355

792

1328

1455

1369

1640

(3) σfail0.50mA
(MPa)

1239

1712

888

1505

1842

1385

1727

Average σfail
0.50mA (MPa)

1255

1312

742

1383

1561

1358

1658

Several commercial HHA alloys were tested in terms of material properties and hydrogen
sensitivity. A disparity in performance in terms of hydrogen embrittlement was observed among
the commercial HHA alloys during slow strain rate testing of charged subsize tensile samples. A
HHA was designed to employ TiC and epsilon carbide, strong hydrogen traps, to provide a
reduced sensitivity to hydrogen embrittlement. The average stress at failure of charged samples
demonstrated that the designed HHA has a reduced sensitivity to hydrogen embrittlement.
However, the cost of reduced sensitivity was a drop in energy absorption values.
In terms of repeatability, several of the alloys showed a large variance in the required
stress to failure in the charged condition. The alloy that showed the least variability was Alloy A
which had the fewest impurities out of all the alloys tested. The variability of the results was
attributed to impurities and stress concentrations within the material, namely carbides. As
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hydrogen diffuses towards stress concentrations, the stress concentrations serve as nucleation
sites for cracking. In terms of designing with these materials, the lower bound of this variability
still abides by the trend established by the average value of the failure stress required for the
materials in the charged condition.
The least sensitive alloy to hydrogen embrittlement was the designed microalloyed RHA.
The alloy demonstrated that carbon equivalent and hardness were not indicators of hydrogen
performance. The carbon equivalent value of microalloyed RHA exceeded the values of the
designed alloy and both commercial A and C but provided the highest stress requirement for
failure in the charged condition. In terms of hardness, the microalloyed RHA had a higher
Brinell hardness value than of alloy A but was still less prone to hydrogen embrittlement. The
main contributor to hydrogen embrittlement sensitivity was total carbon content. The lower the
carbon content, the less sensitive the material is to hydrogen.
Although the designed alloys demonstrated a reduced sensitivity to hydrogen, there are
several challenges remaining for upscaling these alloys to commercial production level. The
levels of nitrogen achieved in the VIMF were very low compared to manufacturing. A typical
steel mill expects a minimum nitrogen level of approximately 100 ppm wt% nitrogen, compared
to the 22 ppm wt% achieved by the VIMF. As discussed previously, the formation of TiC does
not occur until the nitrogen has been neutralized in the casting. Therefore, on a production scale,
a large increase in TiN would occur and would be deleterious to Charpy V-notch energy
absorption values. However, a future investigation into other methods, such as aluminum killing,
may provide other ways to neutralize nitrogen in a production scale without the formation of
TiN. As for other impurities, such as sulfur and phosphorus, the chemical composition of the inhouse alloys showed quantities that were obtainable on a steel manufacturing level.
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In summary, the addition of TiC in the designed HHA alloys showed an initial
improvement in reducing the sensitivity of hydrogen embrittlement. Coupled with an optimized
heat treatment to promote the formation of epsilon carbide, a further reduction in the sensitivity
was observed. Finally, by incorporating the benefit of strengthening from strong hydrogen traps
and reducing the total carbon content, a modified RHA was produced that demonstrated the
lowest sensitivity to hydrogen embrittlement. The following recommendations are to improve the
MIL-DTL-46100E standard to include conditions to mitigate hydrogen embrittlement:
•

Reduce the maximum allowable carbon contents to 0.265 wt%

•

Include a recommendation of Ti additions to exceed N values by 3.4:1 wt% to ensure the
formation of TiC
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APPENDIX A
PRIOR AUSTENITE GRAIN BOUNDARIES OF AS QUENCHED DESIGN HHA IN
COMPARISON WITH ALLOY B
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Figure A.1

Transverse direction microstructure comparison of heat treated rolled material and
base material
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Figure A.2

Rolling direction microstructure comparison of heat treated design alloy and base
material
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Figure A.3

Normal direction microstructure comparison of heat treated design alloy and base
material
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